A new, rapid, and reproducible reversed-phased liquid chromatography (LC) method with ultraviolet (UV) absorption and/or mass spectrometry (MS) detection has been developed and validated for quantitation of cichoric acid, a major constituent of Echinacea spp. The method involves the use of a short Phenomenex Hydro-RP C18 column (4 mm, 50 mm´3.0 mm id) and a simple isocratic mobile phase profile. Both UV (diode array detector) and selective-ion monitoring (SIM) at m/z 472.8 were used for quantitation of cichoric acid. The limit of detection was 0.75 ng for UV and 0.15 ng for MS-SIM, and the limit of quantitation was is 2.5 ng for UV and 0.5 ng for MS-SIM. Water-methanol (1 + 1) soluble extracts of 6 commercially available Echinacea purpurea aerial parts-based dietary supplements (EPADS). EPADS were first profiled using a traditional HPLC-UV method. Their UV chromatograms were compared, and cichoric acid was identified to be a key biomarker for EPADS. Then the samples were analyzed by the fast LC-UV/MS method. The turnaround time for a single analysis was 3 min, compared to 15 to 60 min needed for traditional reported LC methods. The high-throughput method was able to separate the cichoric acid peak from peaks of other components in extracts of complex matrixes of EPADS.
E chinacea is used primarily to reduce the symptoms and duration of colds and flu-like illnesses (1) (2) (3) . It is believed to work through short-term stimulation of the immune system. Like many other herbal remedies, it is not clearly understood which of Echinacea's many chemical components are responsible for its effects.
Chemical constituents among Echinacea species can be divided into 3 major groups: caffeic acid derivatives (caftaric acid, cichoric acid, echinacosides, and some others); polysaccharides; and lipophilic components (polyacetylenes and alkamides; 4).
Among the caffeic acid derivatives, studies showed that cichoric acid might be an important active component by acting as an immunostimulatory agent (4, 5) . Cichoric acid and some derivatives are the predominant caffeic acid-based compounds in E. purpurea. Interestingly, the cichoric acid in E. purpurea is a different optical isomer than the cichoric acid found in chicory (Cichorium intybus) and lettuce (Lactuca sativa). Therefore, this compound might be expected to confer different pharmacological properties to E. purpurea compared to these other plants (5) . Cichoric acid was shown to act in vitro as an inhibitor of the enzyme integrase, which is required during human immunodeficiency virus-1 replication to integrate the double-stranded DNA copy of the viral genome into host cells (6) .
Polysaccharides and alkamides also showed immunomodulatory activities (5, 7) . Many different polysaccharides have been found in Echinacea, and at least some of them were shown to have antiviral or immunological activities (8) (9) (10) . Two immunostimulatory polysaccharides (PSI and PSII) were isolated from the aerial parts of E. purpurea (5) . Studies showed PSI to be a 4-O-methyl glucurono-arabinoxylan (i.e., composed mainly of glucuronic acid and the sugars arabinose and xylose), while PSII was shown to be an acidic arabinorhamnogalactan (mainly composed of the sugars arabinose, rhamnose, and galactose). Recently, an arabinogalactan-protein (AGP) from pressed juice of the aerial parts of E. purpurea was isolated and reported to be one of the immunomodulating components (11) .
The lipophilic components of Echinacea species comprise 2 main groups, the polyacetylenes and the alkamides. The occurrence of polyacetylenes (polyenes) is typical of the Asteraceae family, in which the highest levels are usually found in the roots. E. pallida root contains significant levels of some unique polyacetylenes, namely the ketoalkynes and ketoalkenes, which do not occur in the other Echinacea species (5) . The alkamides of the lipophilic components also showed strong stimulation to the immune system in vitro and in vivo by increasing the phagocytic activity of granulocytes (12) . Most of the alkamides are reported to be responsible potent inhibitors of cyclooxygenase. The inhibitory properties of the alkamides on arachidonic acid metabolism are in accordance with the traditional use of the herbal drugs in the therapy of inflammatory diseases (5) . Purified alkamide fractions (isobutylamides) from E. purpurea and E. angustifolia were shown to enhance phagocytosis in the Carbon-Clearance-Test by a factor of 1.5 to 1.7, thereby contributing to the immunostimulatory activity of Echinacea tinctures (5) .
Echinacea is among the most frequently utilized medicinal herbs around the world. The consumption of Echinacea has significantly increased in Europe and North America, with a market share of about 10% of the herbal industry in the United States (13) . Numerous attempts have been underway in some nontraditional Echinacea growing countries, in Africa, Asia, Latin America, and the Middle East, to introduce cultivation, processing, and marketing. The quality of Echinacea preparations (both in formulation and personal care) may vary significantly, depending on factors such as when and where the product was grown; how it was harvested, processed, and stored; and the species/cultivars of plant used. Despite the popularity of Echinacea preparations, a fast, easy, accurate, and reproducible quality control method is not reported. Recently, the contents data for Echinacea preparations have been put on the priority list in the Dietary Supplement Ingredient Database (DSID) Project of the NIH/ODS (National Institute of Health/Office of Dietary Supplements).
Three major Echinacea species (E. purpurea, E. pallida, and E. angustifolia) are commonly used as herbal products, and either the aerial parts or roots may be used. The most common Echinacea preparations sold in North America market are E. purpurea aerial parts-based (14) . The objective of this study was to find a simple and fast method capable of accurate and reproducible assessment of the quality of E. purpurea aerial parts-based preparations.
Traditionally, Echinacea spp. is analyzed by gradient high-performance liquid chromatography, with an ultraviolet absorption detector (LC-UV; [15] [16] [17] [18] [19] [20] [21] . Many of these reported methods have not been validated, and they all required lengthy gradient elution (analysis times often exceed 60 min, with the shortest turnaround time reported at 15 min). To meet the increasing demand for higher throughput analysis, a validated LC-UV/MS method has been developed for quantitative determination of cichoric acid content of E. purpurea aerial parts-based dietary supplements (EPADS) in 3 min. The method has been applied to the analysis of hydroalcohol-soluble extracts of 6 different EPADS bought over-the-counter in the United States. The method permits rapid characterization and quantitation of cichoric acid and can be applied for the assessment of the qualities of EPADS. (c) Analytical column.-A Hydro-RP C18 (4 mm particle size, 50 mm´3.0 mm) reversed-phase column (Phenomenex, Torrance, CA) was used for the LC-UV/MS method. For the long UV-profile method, a Supelco Discovery C18 (5 mm particle size, 250´4.6 mm) reversed-phase column (Sigma/Aldrich) was used. Column-Saver TM precolumn filters (MAC-MOD Analytical, Inc., Chadds Ford, PA) were used for both the LC-UV/MS and long LC-UV experiments.
Experimental

Reagents
LC Conditions
The LC-UV/MS method used a mobile phase consisting of 0.1% formic acid in H 2 O (A) and 0.1% formic acid in acetonitrile (B) with isocratic elution at 75´25 (v/v) for 3 min. The flow rate used was 0.5 mL/min.
The LC parameters for the long LC-UV method were selected after screening a number of solvent systems with different gradient profiles. The wavelength for UV detection was set at 330 nm; the injection volumes were 5 mL for both the LC-UV/MS method and the long LC-UV method.
MS Conditions
Electrospray ionization (ESI) with selected ion monitoring (SIM) was performed in the negative ion mode to monitor the m/z of caftaric acid at 310.8 from 0 to 1.3 min., cichoric acid at 472.8 from 1.3 to 2.3 min, and cichoric acid methyl ester at 484.8 from 2.3 to 3.0 min. The parameters of the mass spectrometer were optimized for cichoric acid by autotune using the Xcalibur 1.3 software (ThermoFinnigan) through infusion of cichoric acid standard. The following conditions were used: sheath gas flow rate, 70 (arbitrary units); auxiliary gas flow rate, 10 (arbitrary units); spray voltage, 4.50 kV; heated capillary temperature, 220°C; capillary voltage, -4.0 V; tube lens offset, 25 V.
Commercial Samples of EPADS
Six commercially available E. purpurea EPADS were purchased over-the-counter. They are designated as Samples A-F. The labels all indicated the amount of E. purpurea aerial parts used, but only Sample D labeled its cichoric acid content as an indicator of its quality. Samples A to E were capsules containing dried E. purpurea aerial parts and were selected from some of the biggest vendors for EPADS in the United States. Sample F was a liquid made from freshly pressed juice from E. purpurea aerial parts.
Sample Preparation
The sample extraction method used was a slight modification of the method described by Bergeron et al. (22) . Contents from 10 capsules of Samples A to E were extracted 3 times with 150 mL H 2 O-methanol (MeOH; 3 + 7) using 10 min ultrasound treatment for each aliquot. Successive aliquots for each sample were combined and diluted to 500 mL. Each sample extract (10 mL) was decanted into 15 mL centrifuge tubes and centrifuged at 10 000 rpm for 15 min. The supernatants were filtered through 0.45 mm filters and diluted 10 times with distilled water. Sample F was diluted 100 times with distilled water; the dilution factor for Sample F was determined according to its recommended daily dosage.
Standard Solutions
Stock cichoric acid solution was prepared at a concentration of 1.0 mg/mL with 30% H 2 O-MeOH. The stock solution was stored at -20°C. The calibration curves were generated from serial dilutions of the standard stock cichoric acid solution with H 2 O. The working range was from 0.5 to 10.0 mg/mL (0.5, 1, 2, 5, and 10 mg/mL).
Statistics
The LC-UV/MS data was collected and processed by Xcalibur 1.3, which also served as the controlling software for the LC-UV/MS system. The long LC-UV data were initially collected and processed by Chemstation (Agilent Technologies). The data were further processed using Microsoft Excel. 
Results and Discussion
Sample Preparation
Bergeron et al. (22) researched efficiencies of extraction methods for Echinacea. Ultrasound extraction with 70% methanol in H 2 O 3 times was found to be the most effective for recovering cichoric acid from E. purpurea aerial parts. We basically used the same method except with larger volumes of solvents (150 versus 5 mL), longer extraction time (10 versus 5 min), and different filters [0.45 mm polytetrofluoroethylene (PTFE) versus 0.22 mm PTFE].
Chromatography
The LC-UV/MS chromatogram for Sample A is shown in Figure 1 with the MS chromatogram on top. The mass spectrometer monitored the m/z of caftaric acid at 310.8, cichoric acid at 472.8, and cichoric acid methyl ester at 484.8. The chromatogram was clean, and the retention times for cichoric acid were 1.73 min on the LC/MS chromatogram and 1.72 min on the LC-UV chromatogram. The LC-UV chromatogram showed clear separation of the cichoric acid peak from other peaks, but the caftaric acid peak was too close to the solvent front and was interfered with by other polar component peaks from the matrix. All of the chromatograms were similar except for Sample F, which did not contain a detectable amount of cichoric acid at the tested concentration.
Method Validation
The LC-UV/MS method described was validated with respect to accuracy, within-day repeatability (n = 6), and between-day precision for 7 days, sensitivity, and linearity. An external standard calibration method was used.
(a) Linearity.-To determine the linearity, 5 different concentrations of cichoric acid standards were used in a working range from 0.5 to 10 mg/mL for the LC-UV/MS method. Each solution was injected 3 times. Linear regression equations and correlation coefficient (r) values are given in Table 1 . Calibration plots of peak area versus concentration were observed to be linear, with high r values.
(
b) Limit of detection (LOD) and limit of quantitation (LOQ).-
The LOD values were estimated at a signal-to-noise ratio of 3 (S/N = 3). The values were 0.75 ng for UV detection and 0.15 ng for MS-SIM detection. The LOQ values were estimated at S/N = 10. The values were 2.5 ng for UV detection and 0.5 ng for MS-SIM detection (Table 1) .
(c) Repeatability and intermediate precision.
Within-day repeatability (n = 6) and between-day precision (n = 7) were performed on cichoric acid at 3 concentration levels for the LC-UV/MS method. The relative standard deviation (RSD) for within-day repeatability varied from 0.23 to 1.19% for UV detection and from 0.50 to 1.18% for MS-SIM detection; the RSD of between-day precision varied from 1.50 to 3.06% for UV detection and from 3.03 to 3.92% for MS-SIM detection, as shown in Table 2 .
(d) Accuracy.-Because it was impossible to obtain the blank matrixes for the 6 EPADS used, accuracy was assessed Relative error, % = 100 × [measured mean valuemean value obtained through standard addition]/mean value obtained through standard addition
The accuracy data for Samples A to E ranged from 0.06 to 7.27% for UV detection and from 3.35 to 10.30% for MS-SIM detection, as shown in Table 3 . All of the values are within the U.S. Food an Drug Administration (FDA) guidelines (24). We did not perform an accuracy test on Sample F. Because it did not contain a detectable amount of cichoric acid under our conditions, using standard addition to determine the accuracy of the result was necessary.
Analyses of the Extracts of the Herbal Products
A few biomarkers could be used for the analysis of EPADS, such as caftaric acid, cichoric acid, chlorogenic acid, Echinacoside, or alkamides. To quantify all of these for routine analysis, although desirable, would be very expensive and time-consuming. Cichoric acid is the most abundant caffeic acid derivative of the E. purpurea aerial parts (25) , and this makes it a logical biomarker for assessment of the quality of EPADS. The long LC-UV method was used to obtain the profiles of phenolic contents of EPADS at 330 nm. The UV chromatograms of Samples A through F are shown in Figure 2 . Except for Sample F, the samples have similar UV profiles. Not only is cichoric acid the biggest peak, but the relationship between all peaks is relatively consistent for Samples A through E ( Table 4 ). The percentiles of caftaric acid and cichoric acid were calculated using their respective peak areas and the sum of all of the peak areas in chromatograms without standards. Although these are not quantitative results, they are good indicators regarding the caftaric acid and cichoric acid percentiles of the total phenolics in EPADS.
The cichoric acid percentiles of the total phenolics were very close in Samples A through D, with a slightly lower value for Sample E. The sum of cichoric acid and caftaric acid accounted for over 90% of the total phenolics in these samples. Although it would appear from these results that the sum of cichoric acid and caftaric acid would be a better indicator, the caftaric acid peak experiences interference in the 3 LC-UV/MS method ( Figure 1 ) using UV detection. However, if MS-SIM detection was used, quantitation of caftaric acid, cichoric acid, and cichoric acid methyl ester could be achieved in a single analysis. The results of the analysis of the Samples A through F are shown in Table 5 . Generally, the MS-SIM detection gave larger values when compared to values obtained using UV, indicating that the possibility of overlapping peaks in the LC-UV chromatograms was small because overlapping peaks would cause the UV values to be larger than the MS-SIM values. The differences in values might be due to detector bias.
The products under investigation showed some variation in the content of cichoric acid from Samples A-E. However, the variations were not unexpected considering that the E. purpurea aerial parts used by different manufacturers were grown under different conditions and the variations in processing procedures. It is encouraging to see that the qualities of the E. purpurea aerial parts-based dietary supplements sold in the North America market are fairly consistent among the big-name vendors. The exception, however, was Sample F, which contained no detectable amount of cichoric acid despite its claim to be "backed by over 180 scientific and clinical studies." This result was consistent with the finding of Mølgaard et al. (21) using a traditional LC-UV method, and it was not surprising because cichoric acid could be subjected to enzymatic degradation. According to its own brochure, Sample F was a liquid made from the freshly pressed juice of E. purpurea aerial parts, which is different from other manufacturers that used dried aerial parts.
Cichoric acid was selected as the biomarker in this study due to its abundance in EPADS, its immunostimulatory effects, and the availability of the commercial standard. Certainly, it would be the best to quantitate all the components existing in the EPADS, but the cost (instruments, solvents, standards, and manpower) and time needed would be unreasonable for routine analysis. TLC has been used to verify the existence of cichoric acid content, but it has not been used routinely for quantitation. One study reported the quantitative TLC analysis of cichoric acid in Echinacea spp. but failed to report the accuracy, precision, and specificity of the method; only LOD and standard deviation (SD) values were given (26) . At 24 mg/mL, the reported LOD was about 160 (UV detection) or 800 (MS-SIM detection) times less sensitive compared to the LC-UV/MS method in this study. Moreover, the RSD of the quantitative TLC method calculated from their reported SD value is over 100% compared to less than 2% (same day) or less than 4% (between days) for the LC-UV/MS method. The LC-UV/MS method can be used in the LC-UV or LC/MS mode alone, depending on the availability of instruments. Operated in LC/MS mode, the method could identify the cichoric acid peak by both m/z and retention time. It also can provide additional information on caftaric acid and cichoric acid methyl ester (identification by m/z and retention time and/or quantitation if the standard is available) that would help detect potential adulteration of the EPADS products. No significant column pressure buildup or carryover was observed during the analysis of hundreds of samples, despite the fact that the method used isocratic elution.
Conclusions
From our results, it is obvious that the fast LC-UV, LC/MS, or LC-UV/MS method is a suitable alternative to the traditional time-consuming gradient HPLC-UV methods or the less-reliable TLC methods for quantitating the cichoric acid content of EPADS. Of course, a compromise had to be made to achieve the shorter analysis time. Instead of trying to quantitate several of the known components of Echinacea spp., only cichoric acid was targeted in this study to make the method as efficient as possible. Currently, many manufacturers do not provide any certification for their EPADS, and only a few of them list either phenolics or cichoric acid contents of their products. Among the product, we tested, Samples A and F indicated that the materials they used were verified by TLC (qualitatively); only sample D indicated that the cichoric acid content of their product was 1%, although no testing method was given. The other products did not list information regarding the qualities of their products. A fast technique like the LC-UV/MS method discussed should allow manufacturers and/or regulatory agencies to screen large numbers of samples in a relatively short amount of time. 
